Introduction
In Drosophila, the phosphotyrosine-binding (PTB) domain-containing protein Numb is an intrinsic regulator of binary cell fate decisions during peripheral and central nervous system development as well as muscle cell differentiation (1) (2) (3) (4) . Numb is asymmetrically localized in dividing progenitor cells of these lineages, segregating preferentially to one of the two daughter cells (1, (4) (5) (6) (7) . A cell acquiring the Numb protein adopts a fate different from its sister cell.
Genetic evidence in Drosophila indicates that Numb may influence cell fate by negatively regulating the Notch signalling pathway (3, 7, 8) . Vertebrate homologues of Drosophila Numb (dNumb) have been identified in mouse, rat, chicken, and human, and studies suggest an evolutionarily conserved role for the Numb protein (7, (9) (10) (11) (12) (13) . Similar to Drosophila Numb, mammalian Numb is asymmetrically localized in ventricular neural progenitor cells during mouse cortical neurogenesis (7) , in dividing rat retinal neuroepithelial cells (14) , and in mitotic neuroepithelial cells during avian neurogenesis (15).
Notch signalling plays an important role in cellular differentiation, proliferation, and apoptotic events at all stages of development, functioning as an essential communication mechanism to direct cell fate selection of neighbouring cells ((16,17) and references therein).
Genetic abnormalities in components of the Notch signalling pathway have been implicated in a number of disease states including leukemia and neurogenerative disorders (18) (19) (20) .
The Notch1 receptor, the most extensively studied of the four mammalian Notch receptors, is a 300kDa type I integral membrane protein that undergoes at least three critical 
Material and Methods

cDNA constructs and mutagenesis
All Notch1 mutant constructs were cloned into the pcDNA3.1(+) vector and were constructed from the full-length Notch1 cDNA (FL-Notch). ∆EC-Notch was constructed by ligating amino acids 1-21 of Notch1 obtained by polymerase chain reaction (PCR) amplification to a fragment of FL-Notch containing nucleotides from the Ssp1 restriction enzyme site to the stop codon. The NICD mutant was amplified by PCR and encodes amino acids Val1744 to the stop codon. ∆EC∆RV was generated by digestion of ∆EC-Notch construct with EcoRV, and in frame ligation to a C-terminal myc tag. The Numbp66 cDNA was cloned into pEF.
Numb∆PTBC was constructed using PCR-amplified fragments of amino acids Met1 to Lys85, and K174 to the stop codon, and fused in frame to the pEF parental vector. Numb∆C deletes the last forty-one amino acids. All GST-Itch fusion constructs were generated by PCR amplification of Itch cDNA template and ligated into the pGEX-4T1 vector (Pharmacia). The Itch GST fusions used were GST-WW1/2 (amino acids P276-E357), WW3 (amino acids E392-L43), WW4 (amino acids G432-D476), and WWHECT (amino acids P276-E862). All cDNAs generated by PCR were verified by sequencing. 
Cell culture and transfections
Activation of Notch1
To activate the Notch1 receptor, transfected C2C12 cells were washed with 1X PBS, and incubated for 0 minutes or 15 minutes with prewarmed 5 mM EDTA in 1X PBS. Treated cells were then washed with PBS, and chased for indicated time points in regular culture media. Cells were lysed in PLC lysis buffer as described above.
Hes1-luciferase reporter assays
NIH 3T3 cells seeded on 6 well plates were cotransfected with ∆EC-Notch (400 ng) and Hes1-luciferase reporter construct (200 ng) in the presence or absence of pEF-Numb construct (400 ng) as described above. Included in each transfection was a cytomegalovirus (CMV)-β-galactosidase reporter (100 ng) to control for transfection efficiency. The total amount of transfected DNA was equalized with empty parental vector. 24 hours post transfection, cells were lysed in 1X Reporter Lysis Buffer (Promega). Luciferase activity was quantitated using firefly luciferin according to the manufacturer's instructions (Promega). β-galactosidase activity was quantitated using the chemiluminescent substrate Galacto-PLUS according to the manufacturer's instructions (Tropix). Luciferase activity was normalized for β-galactosidase activity and represented as fold activation. Protein expression was monitored by Western blot.
Each condition was performed in triplicate and experiments repeated at least three times.
Pulse Chase Analysis
Transfected C2C12 cells were grown to confluency, washed with PBS and incubated at As Notch1 has been shown to interact with a number of intracellular proteins including Numb that are themselves substrates for ubiquitination, cells were lysed in 1% SDS lysis buffer and boiled to disrupt protein complexes. Ubiquitinated Notch was detected in
Results
Ubiquitinated Notch1 protein accumulates in the presence of Numb
immunoprecipitates from boiled lysates indicating the HA reactive proteins observed was Notch1 and not associated ubiquitinated proteins ( Figure 1D ). Numb expression resulted in an increase in the levels of Notch1 ubiquitination under these conditions, indicating that Numb enhanced ubiquitination of Notch1 itself.
Finally, we examined the effect of Numb on the ubiquitination of another cell surface receptor, the epidermal growth factor receptor (EGFR) to assess the specificity of Numb with respect to Notch1 ubiquitination. Coexpression of Numb with EGFR had no effect on its ubiquitination in transiently transfected HEK 293T cells ( Figure 1E ) indicating Numb has a specific effect on the Notch1 receptor, rather than affecting membrane proteins in general.
A functional PTB domain of Numb is required to promote Notch1 ubiquitination.
Previous studies have demonstrated that the Numb PTB domain and sequence motifs near 
The PEST region of Notch1 is not required for Numb-mediated ubiquitination
Recently, the E3 ubiquitin ligase, Sel10 has been shown to associate with and ubiquitinate the NotchIC domain within the nucleus, and target it for proteasomal degradation (39-41). The carboxy-terminus of Notch contains a PEST sequence that is required to mediate Sel10 binding and ubiquitination of nuclear Notch. To determine if the PEST region of Notch1 is required for Numb to promote ubiquitination, a carboxy-terminal deletion mutant that removes the last 483 amino acids of Notch1, ∆EC∆RV, was constructed (see Figure 1A ). An increase in the amount of ubiquitination of ∆EC∆RV was observed upon coexpression of ∆EC∆RV and Numb in HEK 293T cells as compared to coexpression with empty vector ( Figure 3 ). In addition deletion of the same region in a non-membrane-tethered Notch1 mutant, NICD∆RV had no effect on Numb mediated ubiquitination (data not shown). Therefore the carboxy-terminus of Notch1 is dispensable for Numb mediated ubiquitination, and suggests that an E3 ubiquitin ligase other than Sel10 is required for Numb mediated ubiquitination of Notch1. 
Numb interacts with the E3 ubiquitin ligase Itch in vitro and in vivo
Numb and the E3 ligase Itch act cooperatively to enhance the ubiquitination of Notch1
To examine the biological significance of the interaction between Numb and Itch, HEK 
